INTRODUCTION
Similar to several other cell types, enterocytes possess elements of innate immunity including Toll-like receptors (TLR) as well as nuclear factor (NF)-B and mitogen-activated protein kinase (MAPK) signaling pathways that facilitate recognition of microbial components. Upon challenge with TLR ligands, enterocytes produce inflammatory cytokines, chemokines, prostanoids, and defensins. 1,2 TLR signaling in the gut is critically important for the maintenance of intestinal homeostasis. 3 Although the intestinal epithelium is potentially responsive to TLR ligands, commensal bacteria do not cause exuberant inflammation under normal conditions. Dramatic inflammatory response in the epithelium is avoided by rapid downregulation of inflammatory signaling, ultimately leading to the state of hyporesponsiveness to commensal microbiota that does not allow exuberant inflammation, yet permits benign, homeostatic proinflammatory responses. 4 The intestinal epithelium of neonates and germ-free animals is sensitive to TLR ligands; however, this sensitivity is blunted shortly after bacterial colonization. 5, 6 The mechanisms of epithelial desensitization to TLR ligands are not fully understood. Several studies have implicated the downregulation of TLRs and their coreceptors. 7 -9 Downregulation of responses to TLR ligands in colonocytes may result from induction of the TLR-interacting inhibitory protein Tollip. 10, 11 Enterocyte hyporesponsiveness to lipopolysaccharide (LPS) and flagellin may be associated with posttranslational inhibition of interleukin (IL) receptorassociated kinases-1 and -4, which are the mediators of TLR signaling. 6, 12 Attenuated responses to luminal flagellin may result from basolateral (as opposed to apical) localization of its cognate receptor, TLR5. 13 Tolerance of enterocytes to luminal LPS may be associated with the removal of TLR4 from the apical aspect. 14 Apical, but not basolateral, stimulation with CpG DNA promotes tolerance to this TLR9 ligand. 15 Despite these findings, the definitive mechanisms that desensitize the intestinal epithelium to commensal bacteria, yet allow benign inflammatory responses, remain elusive. 4 In our previous report, we have shown that development of profound and long-lasting tolerance to TLR ligands LPS and CpG DNA in enterocytes is caused by induction of the ubiquitin-editing enzyme A20. 16 The key role of A20 in tolerance to the intestinal microbiota is also supported by severe intestinal NF-B-mediated expression of MAPK phosphatase-1 is an early step in desensitization to TLR ligands in enterocytes ARTICLES inflammation in A20 knockout mice. 17, 18 By deubiquitinating its critical targets in TLR signaling pathways, A20 interrupts signals that lead to activation of NF-B and p38. As the half-life of the A20 protein is comparable with enterocyte life span, expression of A20 causes long-lasting tolerance to TLR ligands. 16 However, induced expression of A20 does not explain rapid dephosphorylation of MAPKs, particularly p38, which precedes accumulation of the A20 protein in LPS-treated enterocytes. 19, 20 In this study, we report that in enterocytes, ligands of TLR3, TLR4, TLR5, and TLR9, but not TLR2, rapidly induce MAPK phosphatase-1 (MKP-1), the dual specificity phosphatase that preferentially dephosphorylates p38, by NF-B-mediated activation of transcription from the MKP-1 promoter. We also show that MKP-1 expression temporally coincides with the deactivation phase during transient TLR ligand-induced activating phosphorylation of p38. In the small intestine, MKP-1 is expressed in the crypts, the epithelial compartment that also displays bacteriadependent activating phosphorylation of p38. Our data indicate that NF-B-mediated expression of MKP-1 may have a role in the rapid establishment of tolerance to a subset of TLR ligands in enterocytes. The delay of MKP-1 expression relative to the surge in the activating phosphorylation of p38 may allow limited p38-dependent homeostatic proinflammatory signaling in the intestinal epithelium.
RESULTS

p38 MAPK is transiently activated upon exposure of enterocytes to TLR ligands
p38 MAPK mediates inflammatory responses in enterocytes including upregulation of cyclooxygenase-2 (COX-2), a key enzyme in the biosynthesis of prostanoids 20 and production of the inflammatory cytokine IL-8. 21, 22 Previously, we have reported a rapid but transient increase in activating phosphorylation of p38 in LPS-stimulated IEC-6 enterocytes. 19 We also described transient LPS-induced activation of p38 in the naive intestinal mucosa ex vivo. 20 The time course of LPS-induced p38 activation in three other enterocyte cell lines, namely IEC-18, SW480, and RIE-1, is very similar to that in IEC-6 cells ( Figure 1a ). Several other TLR ligands including CpG DNA, flagellin, and dsRNA, recognized by TLR9, TLR5, and TLR3, respectively, also caused transient activation of p38 peaking at 5 -30 min ( Figure 1b 
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weak, but sustained activation of p38. Sustained activation of p38 also occurred in response to ultraviolet C (UVC) ( Figure 1c ). According to these data, p38 can be activated in enterocytes either transiently or in a sustained manner, depending on the nature of the activating stimulus. A remarkably fast dephosphorylation of p38 following activation by several TLR ligands suggests concomitant induction of deactivating factor(s). To test the possibility of LPS-induced expression of p38-deactivating proteins, we examined the time course of LPS-induced p38 phosphorylation in the presence of -amanitin or cycloheximide, inhibitors of mRNA or protein synthesis. Neither inhibitor activated p38; however, each changed the transient mode of LPS-induced activation to the sustained ( Figure 1d ), indicating that de novo gene expression is necessary for p38 activation to be transient.
Deactivation of p38 MAPK closely follows induction of MKP-1 in LPS-treated enterocytes
As multiple studies have implicated MKP-1 as an enzyme that preferentially dephosphorylates p38 during innate immune responses, 23 we hypothesized that MKP-1 induction is involved in the rapid dephosphorylation of p38 in LPS-treated enterocytes. Indeed, TLR ligands that cause transient activation of p38, including LPS, flagellin, and CpG DNA, all induced MKP-1 in IEC-6 cells with the peak at 30 -60 min, which is coincident with the decrease in TLR ligand-induced p38 phosphorylation. By contrast, TLR2 ligands that caused relatively weak, but sustained activation of p38, as well as UVC that causes strong sustained If MKP-1 induction is responsible for the deactivation of p38 following TLR ligand-induced activation, inhibition of MKP-1 should prolong TLR ligand-induced phosphorylation of p38, whereas high levels of MKP-1 should attenuate it. To establish a causal relationship between MKP-1 expression and p38 deactivation, we examined LPS-induced phosphorylation of p38 in cells treated with the specific MKP-1 inhibitor sanguinarine 24 or MKP-1 small interfering RNA (siRNA) and in cells expressing MKP-1 ectopically. As sanguinarine rapidly kills cells at concentrations that inhibit MKP-1, this drug was used in combination with N -acetyl cysteine, which mitigates cytotoxicity. 25 Sanguinarine did not affect LPS-induced expression of MKP-1; however, it dramatically prolonged the LPS-induced phosphorylation of p38 ( Figure 3a ). p38 activation was also prolonged by MKP-1 siRNA ( Figure 3b , Supplementary Figure S2 
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It has been reported that responses to TLR ligands in enterocytes may depend on apical vs. basolateral stimulation. 13 -15 To examine induction of MKP-1 by apical or basolateral TLR stimulation, tight Caco-2 monolayers were treated with CpG DNA applied to top or bottom chambers of a Transwell. Apical stimulation caused stronger MKP-1 induction than did basolateral stimulation, which is consistent with induction of MKP-1 by luminal TLR ligands ( Figure 3d ).
To evaluate the role of MKP-1 in blunting inflammatory response in enterocytes, we examined effects of MKP-1 on LPSinduced expression of COX-2, the enzyme that catalyzes a ratelimiting step in the production of inflammatory prostanoids. COX-2 induction in enterocytes critically depends on p38. 20 siRNA silencing of MKP-1 potentiated induction of COX-2 by LPS. By contrast, ectopic expression of MKP-1 reduced the levels of LPS-induced COX-2 ( Figure 3e ). Increased expression of COX-2 was paralleled by increased levels of proinflammatory prostaglandin E ( Figure 3f ) Transfection with MKP-1 siRNA also increased levels of LPS-induced inflammatory cytokine IL-6 ( Figure 3f ). Thus, MKP-1 contributes to LPS tolerance in enterocytes by blunting TLR-mediated inflammatory responses.
Our data show that enterocytes are similar to specialized innate immune cells with regard to TLR ligand-induced expression of MKP-1. 26, 27 However, in enterocytes, unlike in macrophages, MKP-1 is not induced by TLR2 ligands. The timing of MKP-1 expression in enterocytes is consistent with the role of this phosphatase in rapid dephosphorylation of p38, and MKP-1 is causally linked to p38 dephosphorylation.
Localization of MKP-1 in enterocytes and the intestinal epithelium
Having established the time course of TLR ligand-induced expression of MKP-1, we set to determine, using immunofluorescence microscopy, the intracellular localization of MKP-1. Immunostaining of IEC-6 cells with the MKP-1 antibody (Ab) was specific because (i) the staining was stronger in MKP-1-transfected cells than in vector-transfected cells and (ii) the staining was abrogated by preincubation of the primary Ab with its blocking peptide ( Figure 4a ), or substitution of the primary Ab with preimmune serum (data not shown). In unstimulated cells, basally expressed MKP-1 had punctate localization in the cytosol and was largely excluded from the nuclei. Stimulation with LPS caused accumulation of nuclear MKP-1 ( Figure 4b ).
Localization of MKP-1 in the intestine was examined using immunofluorescent staining of paraffin sections. MKP-1 staining was specific because it was abrogated by preincubation of the primary Ab with its blocking peptide ( Figure 4c , left). In the small intestinal epithelium of adult ARTICLES mice, MKP-1 is expressed at high levels in the crypts and in goblet cells ( Figure 4c , middle). The same localization pattern was observed in the colonic epithelium ( Figure 4c , right). Previously, we have reported that intestinal crypts display benign inflammatory response, as judged by bacteriadependent activation of p38. 16 Expression of MKP-1 in the crypts provides additional support for the role of the crypt compartment as the site of the benign homeostatic inflammatory response to luminal bacteria.
LPS-induced expression of MKP-1 is mediated by NF-B, but not MAPK
In macrophages and several other cell types, induction of MKP-1 by LPS is mediated by MAPK of the ERK (extracellular signalregulated kinase), 28, 29 JNK (Jun N-terminal kinase), 30 or p38 31 -34 families. As LPS activates all these MAPKs in IEC-6 cells, 19 it was possible that these kinases mediate LPS-induced expression of MKP-1. To examine the roles of MAPK as mediators of MKP-1 induction, we used specific pharmacological inhibitors that have 
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been previously validated in IEC-6 cells. 19, 20 U0126 and PD98059, specific inhibitors of ERK-activating MAPK kinase 1 (MKK1), SP600125, the specific inhibitor of JNK, CNI-1493 (Semapimod), the specific inhibitor of LPS-induced p38 phosphorylation, or SB203580, a specific inhibitor of p38, all failed to attenuate induction of MKP-1 by LPS when applied at concentrations sufficient to block their targets ( Figure 5a ), which rules out the significant contribution of MAPKs. In addition, MAPK-dependent induction of MKP-1 is indirectly ruled out by the fact that UVC, a strong activator of all MAPKs, failed to induce MKP-1 ( Figure 2c ).
Another potential mediator of LPS-induced MKP-1 expression is the proinflammatory transcription factor NF-B. On the one hand, NF-B has been shown to mediate radiationinduced expression of MKP-1 in several cell lines, 35 and on the other hand, NF-B is activated by LPS in enterocytes. 36 SN50, a cell-permeable peptide blocker of NF-B translocation into the nucleus, and Bay11-7082, a specific inhibitor of the IkB kinase IKK, dramatically attenuated induction of MKP-1 by LPS ( Figure 5a ), suggesting a positive regulatory role for NF-B. Treatment with SN50 prolonged LPS-induced phosphorylation of p38, as expected if NF-B mediates the expression of p38-dephosphorylating enzyme(s) ( Figure 5b ). Unlike the small molecule inhibitor Bay11-7082 that may potentially affect other targets at the concentration used (20 M ), SN50 is a highly specific (although not very potent) NF-B inhibitor. Nevertheless, we sought to corroborate pharmacological data using siRNA. Transfection of IEC-6 cells with IkB siRNA, but not with control LEU2 siRNA, attenuated resynthesis of IkB following its LPS-induced degradation, and prolonged expression of MKP-1 ( Figure 5c ), which supports the role of NF-B in LPS-induced expression of MKP-1.
Contribution of NF-B activation into LPS-induced expression of MKP-1 is additionally supported by the timing of both responses. In LPS-, flagellin-, CpG DNA-, or dsRNA-treated IEC-6 cells, decreased IkB and increased MKP-1 were seen at 15 -30 min and 30 -60 min of treatment with LPS, respectively ( Figure 2a , CpG DNA and dsRNA data not shown). Considerable increase in NF-B binding to its cognate DNA occurred at 30 -60 min of LPS treatment ( Figure 5d ), which agrees with published data. 36 Thus, upon treatment of enterocytes with LPS, degradation of IkB precedes the expression of MKP-1, whereas increase in NF-B DNA-binding coincides with it, consistent with NF-B mediating MKP-1 induction by LPS. 
MKP-1 promoters contain NF-B-binding sites
If NF-B directly activates the transcription of MKP-1, the MKP-1 promoter should contain NF-B-binding sites. The human MKP-1 promoter contains an NF-B site that is important for transcriptional activation by radiation. 35 MKP-1 promoters of human, orangutan, chimpanzee, macaque, horse, cow, dog, and rat all contain exact matches to the NF-B consensus site GGGRNNYYCC within the 2.2 kb upstream region ( Table 1 ) . Interestingly, putative NF-B sites in MKP-1 promoters of these species are conserved beyond the match to the consensus: they have the corebinding element GGGGTCTYCC immediately followed by the motif CARNNG, whereas other sequences surrounding the NF-B consensus sites are not conserved, except for primates. The mouse MKP-1 promoter has a perfect match (GGGAAGCCCC) to the NF-B consensus sequence at − 2,520 bp, whereas the rabbit MKP-1 promoter has only close matches (GGGGAGCCTC and GGGACCTTTC) at − 2,294 and − 2,160, respectively. In addition to the sites that exactly match the NF-B consensus sequence, most mammalian MKP-1 promoters examined contain closely matching sequences. For example, the rat MKP-1 promoter has a sequence GAGACACTCC (site 2) at − 709 ( Table 1 ) .
To test whether putative NF-B sites of the rat MKP-1 promoter bind NF-B, we performed electrophoretic mobility shift assay (EMSA) with oligonucleotide probes corresponding to these sites. Mutant probes with G ; C substitutions at position + 3 of the consensus sequence, and standard NF-B probe were included as controls. Probes corresponding to wild-type, but not to mutant, sequences of sites 1 and 2 of the MKP-1 promoter bound NF-B with the same efficiency as the standard NF-B probe ( Figure 6a ). Binding in the presence of Abs against p65 or p50 subunits of NF-B caused supershifting of the NF-B bands, indicating specific association of NF-B with MKP-1 probes. Moreover, because supershifting was nearly quantitative ( Figure 6a ), NF-B 
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appears to bind the wild-type MKP-1 probes as a p50 -p65 heterodimer. Thus, NF-B sites of the rat MKP-1 promoter bind p50 / p65 NF-B heterodimers in vitro .
NF-B binds the MKP-1 promoter in LPS-treated IEC-6 cells
We next tested NF-B binding to the MKP-1 promoter in IEC-6 cells using chromatin immunoprecipitatioin. IEC-6 cells were treated with LPS and fixed with formaldehyde to stabilize DNAprotein complexes. After sharing DNA by sonication, chromatin fragments were immunoprecipitated with Abs against p50 or p65 NF-B subunits. Coimmunoprecipitated DNA was used as template for PCR with pairs of primers flanking NF-B sites in the MKP-1 promoter. Figure 6b and Supplementary Figure S3 online show that treatment with LPS significantly increased amounts of the MKP-1 promoter DNA coimmunoprecipitated by anti-p50 or anti-p65 Abs, but not by preimmune serum, indicating LPS-induced binding of p50 -p65 complexes to the NF-B sites of the MKP-1 promoter.
Activation of the MKP-1 promoter by LPS depends on its NF-B sites
The Figure 7 ). This is in agreement with published observations of relatively high constitutive activity of MKP-1 promoter fragments. 37, 38 Mutational inactivation of either NF-B site 1 or site 2 decreased LPS-induced luc activity, each approximately twofold, whereas inactivation of both sites completely abolished LPS-induced expression. NF-B mutations did not significantly alter the basal expression of MKP-1-luc ( Figure 7 ). These data show that in IEC-6 cells, LPS-induced transcription from the MKP-1 promoter depends on its two NF-B sites, and that each site additively contributes to the overall induction.
DISCUSSION
Our findings identify NF-B-mediated induction of the dual specificity phosphatase MKP-1 as a mechanism that rapidly downregulates p38-mediated innate immune signaling in enterocytes. In this mechanism, activation of TLR3, TLR4, TLR5, or TLR9 by their ligands leads to degradation of IkB , binding of NF-B to the MKP-1 promoter, and transcriptional activation of the MKP-1 gene. Exposure of enterocytes to TLR3, TLR4, TLR5, or TLR9 ligands also activates p38; however, the ensuing induction of MKP-1 rapidly reverses this activation. As a result, p38 activation is transient ( Figure 8 ).
The role of NF-B-mediated expression of MKP-1 in deactivation of p38 is supported by the following observations. First, stimuli that cause sustained activation of p38, such as TLR2 ligands or UVC, do not activate NF-B and do not induce MKP-1. Our results support the role of MKP-1 as an important negative regulator of innate immune responses in enterocytes. Several groups reported that mkp1 − / − mice mount exaggerated inflammatory responses, produce abnormally high levels of inflammatory factors, and display hypersensitivity to multiple organ failure upon challenge with LPS or bacteria. 27,39 -41 TLR ligand-stimulated mkp1 − / − macrophages express abnormally high levels of inflammatory cytokines due to their inability to efficiently downregulate p38-mediated inflammatory signaling. 40, 42, 43 MKP-1 has been also shown to downregulate inflammatory signaling in cell types other than macrophages. 44 In macrophages, LPS and peptydoglycan transiently induce MKP-1, with the time course of this induction consistent with MKP-1-dependent dephosphorylation of p38. 26, 39 However, our data show important cell-type differences in the mechanisms of MKP-1 induction. In macrophages, MKP-1 is induced by LPS through p38 and ERK, 28, 32 but in enterocytes, these MAPK are dispensable, whereas NF-B is essential. MKP-1 is induced by peptydoglycan in macrophages, 27 but not in enterocytes.
Failure of TLR2 ligands to induce IkB degradation and MKP-1 expression in enterocytes suggests that in these cells, TLR2 uses some signaling mechanisms that are not shared with other TLRs. Our observation of the unique properties of TLR2 signaling in enterocytes support findings of Cario et al. , 45 who reported a lack of considerable NF-B activation by Pam 3 CSK 4 or peptydoglycan in enterocytes. According to their study, TLR2 ligands fail to robustly activate NF-B because, unlike the TLR4 ligand LPS, they activate the phosphoinositide 3-kinase pathway, which downregulates NF-B. TLR2-mediated responses specifically promote barrier integrity and protect enterocytes from apoptosis. 45 As the vast majority of normal gut microbiota express TLR2 ligands, it is likely that relatively weak, but sustained TLR2-dependent activation of p38 in enterocytes has a role in benign homeostatic response to these beneficial commensals.
TLR ligand-induced expression of MKP-1 may contribute to fine-tuning the balance between proinflammatory and antiinflammatory responses, which is required for the establishment and maintenance of a mutualistic relationship between the luminal microbiota and the intestinal epithelium. In enterocytes, the proinflammatory responses, including production of inflammatory prostanoids and cytokines such as IL-8 are mediated by p38. 20 -22,46 By contrast, most protective, homeostatic, and restitution responses, including production of antibacterial peptides, antiapoptotic proteins, or restitution-promoting cytokines are mediated by NF-B. 47 -49 Gut-specific ablation of various aspects of NF-B signaling renders the epithelium hypersensitive to the induction of inflammation by commensal bacteria, 49 -51 presumably due to the failure to express NF-B-dependent protective factors, one of which is MKP-1.
In the intestine, levels of MKP-1 are high in crypt enterocytes, but not in the majority of villus enterocytes. This pattern may be associated with macroscopic compartmentalization of TLR signaling in the epithelium. We have shown that in the mouse small intestine, bacteria-dependent activation of p38 is limited to crypts, whereas the villus epithelium becomes refractory to LPS because of induction of the anti-inflammatory ubiquitin-editing enzyme A20. 16 Suppression of TLR signaling at the luminal interface of the villi may also involve downregulation of TLR and induction of Tollip. 7, 11 It is possible that deep in the crypts, where exposure to intestinal bacteria is limited, emerging enterocyte precursors are sensitive to TLR ligands. As these cells divide, differentiate, and migrate toward crypt openings, their exposure to TLR ligands activates inflammatory signaling. However, this signaling is short lived in each cell because engagement of the inhibitory mechanisms, one of which is NF-B-mediated expression of MKP-1, rapidly shuts it down. It is noteworthy that the inhibitory effect of MKP-1 on p38-mediated TLR signaling in enterocytes is rapid, but transient. Therefore, MKP-1 is likely to act as an early, reversible inhibitor that contributes to rapid establishment of unresponsiveness to commensal bacteria in the emerging enterocytes. Maintenance of the tolerant state is then taken over by longer-lasting negative regulators, such as A20, Tollip, or downregulation of TLR. The significance of high-level expression of MKP-1 in goblet cells remains unknown. It is possible that p38 activation is incompatible with the secretory function or maintenance of goblet cells; therefore, MKP-1 may be expressed as a part of goblet celldifferentiation program.
Inhibition of TLR ligand-induced activation of p38 by NF-B in enterocytes argues that p38 and NF-B regulate distinct innate immune functions. Indeed, in IEC-6 cells and in the neonatal intestinal epithelium, p38, but not NF-B is required for LPS-induced expression of COX-2, the key enzyme in the biosynthesis of proinflammatory prostanoids, 19, 20 whereas NF-B, but not p38 is required for IL-1 -induced expression of inducible nitric oxide synthase, the enzyme that catalyzes production of inflammatory nitric oxide. Moreover, pharmacological inhibition of p38 augments IL-1 -induced expression of inducible nitric oxide synthase, whereas pharmacological inhibition of NF-B augments expression of COX-2 (Lugo B., Wang J., Grishin A. V., and Ford H. R., unpublished data). Thus, MKP-1 may have a role as a molecular switch that coordinates signaling through NF-B and p38 branches of the inflammatory cascade in the intestine.
METHODS
Reagents . Commercial reagents were obtained from the following suppliers: MKP-1 Ab M18 and its blocking peptide, NF-B p50 and p65 Abs, standard wild-type and mutant NF-B EMSA probes (Santa Cruz Biotechnology, Santa Cruz, CA); p38, phospho-p38, IkB Abs (Cell Signaling Technology, Danvers, MA); Bay11-7082, SB203580, SP600125, U0126, PD98059, LPS from Escherichia coli ARTICLES 0127:B8, lipoteichoic acid, peptidoglycan, sanguinarine (SigmaAldrich, St Louis, MO); SN50 (Alexis Biochemicals, Plymouth Meeting, PA); Pam 3 CSK 4 , (EMC Microcollections, Tuebingen, Germany); purified Salmonella typhimurium flagellin (Invivogen, San Diego, CA); poly (I:C) (Pharmacia, Uppsala, Sweden); prostaglandin E metabolite EIA kit (Cayman Chemicals, Ann Arbor, MI); rat IL-6 EIA kit (Becton Dickinson, San Jose, CA). LPS was additionally purified by DNAse I / proteinase K digestion, phenol extraction, and ethanol precipitation. LPS-induced phosphorylation of p38 and expression of MKP-1 in IEC-6 cells were completely abrogated by preincubation of LPS with 20 g ml − 1 polymyxin B or adsorption on polymyxin B-agarose beads (Sigma-Aldrich), which rules out contamination with other TLR ligands. Synthetic oligonucleotide TCGTCGTTTCGTCGTTTTGTCGTT was used as unmethylated CpG DNA.
siRNAs . A 626-bp sequence at the 5 Ј end of I B cDNA was amplified from IEC-6 total RNA using reverse transcriptase-PCR with primers GGTAATACGACTCACTATAGGAACAGTCTGAACTCGCCACCC AA and GGTAATACGACTCACTATAGGTAGACACGTGTGGCCG TTGTAGTT. MKP-1 coding sequence was amplified with primers G GTAATACGACTCACTATAGGGCTCCTTCTTCGCCTTCAACGC and GGTAATACGACTCACTATAGGCGGAGAGGTTGTGATGGGG CTTTG. The resulting DNA fragments were used as templates in T7 RNA polymerase reactions to synthesize dsRNAs, which were then cut into 21-bp duplexes using the Short-Cut RNAse (New England Biolabs, Ipswich, MA). Control LEU2 siRNA was prepared similarly using yeast DNA template with GGGTAATACGACTCACTATAGCACGTTGTCA AGAAATC and GGGTAATACGACTCACTATAGAACTTCTTCGGC GACAGCATCACC primers.
MKP-1 expression plasmid . Rat MKP-1 open reading frame was amplified from RNA of LPS-treated IEC-6 cells using reverse transcriptase-PCR with primers GGGAATTCAGTGATGGAGGTGGGCATCCTGGAC and GGGATCCCTTCAGCAGCTCGGAGAGGTTG. Reverse transcriptase-PCR product was cut with Eco RI and Bam HI, and inserted into Eco RI-Bam HI-cut p3XFLAG-CMV10 (Sigma-Aldrich) to obtain pFLAG-MKP1. MKP-1 coding region and junctions were sequenced to verify the absence of spurious mutations.
Cell culture and transfections . IEC-6, IEC-18, SW480, and Caco-2 cell lines were purchased from American Type Culture Collection (Manassas, VA) and cultured as recommended by the supplier. RIE-1 cells were provided by Dr Hua Xu, University of Arizona. Cells were used at passages 19 -30. Tight Caco-2 monolayers were established by seeding cells in 24-mm Transwells (0.4 m pore size, Costar, Cambridge, MA) and exposing the monolayers to BioCoat Enterocyte Differentiation Medium (Becton Dickinson, Bedford, MA) for 3 days. Transepithelial electric resistance of the monolayers, as measured with EVOM (World Precision Instruments, Sarasota, FL), was at least 300 Ohm cm 2 . For transient transfection, IEC-6 cells were grown overnight to 90 -95 % confluence, gently trypsinized, diluted in RPMI + 10 % fetal bovine serum, and collected by centrifugation at 200 r.p.m. After removal of residual medium, 3 × 10 7 cells were gently mixed with 10 g plasmid DNA in 90 l of Nucleofector Solution V (Lonza, Basel, Switzerland), and immediately pulsed using the T-030 program of Nucleofector (Lonza). Cells were allowed to recover in RPMI + 10 % fetal bovine serum for 10 min at 37 ° C and transferred into a 100 mm Petri plate containing 10 ml of IEC-6 medium. Overall, 40 -80 % of surviving cells were transfected, as judged by the percentage of green fluorescent cells following control transfection with pMAX-GFP (green fluorescent protein) (Lonza). GFP expression was detectable 1 -7 days after transfection. Cells were transfected with siRNAs using Lipofectamine 2000 as recommended by the manufacturer (Invitrogen, Carlsbad, CA) using 4 g siRNA, 50 l Lipofectamine, and 2 ml Dulbecco ' s modified Eagle ' s medium per 60 mm Petri plate. Immunofluorescence microscopy . Cultured enterocytes were fixed in cold acetone and air dried. Intestinal sections were deparaffinized, rehydrated by sequential incubation in 100 % ethanol, 70 % ethanol, and water at room temperature followed by 10 min boiling in 10 m M sodium citrate pH 7.0. Samples were blocked in Tris-buffered saline Tween-20 + 2 % normal donkey serum, and incubated with primary and fluorescent dye-conjugated secondary Abs as recommended by the manufacturers. Samples were mounted with DAPI (4 Ј ,6-diamidino-2-phenylindole). Images were acquired using BX51 microscope equipped with color camera and Picture Frame software (Olympus, Center Valley, PA). For comparisons, samples were processed in parallel on the same slide, and images were acquired and adjusted identically.
EMSA . Oligonucleotide probes encompassing NF-B consensus sites of the rat MKP-1 promoter (site 1: atcgttGGGGTCTTCCcaggt; site 2: ctaactGGaGACACTCCtttgt; matches to the consensus NF-B-binding sequence GGGRNNYYCC capitalized) were prepared by annealing complementary oligonucleotides and labeling gelpurified duplexes with -[ 32 P]ATP and T4 polynucleotide kinase. Mutant probes were generated by introducing G ; C transversions at position 3 of the NF-B consensus sequence. Nuclear extracts for EMSA were prepared by extracting nuclei with high-salt buffer (20 m M HEPES pH 7.9, 1.5 m M MgCl 2 , 300 m M KCl, 20 % glycerol). 15 l binding reactions (20,000 c.p.m. probe, 10 g nuclear extract protein, 1 g poly (dI:dC), 1 g bovine serum albumin, 20 m M HEPES pH 7.9, 100 m M KCl, 20 % glycerol, with or without 2 g NF-B Abs) were incubated 1 h at room temperature and resolved on nondenaturing gels (6 % acrylamide, 0.24 % Bis, 25 m M Tris, 200 m M glycine, 5 % glycerol). Gels were soaked in 10 % methanol, 10 % acetic acid, dried, and autoradiographed.
Chromatin immunoprecipitatioin . Chromatin immunoprecipitatioin kit (Upstate Biotechnology, Billerica, MA) was used as directed by the manufacturer. Briefly, cells were fixed with formaldehyde and sonicated to average DNA size of 500 bp. Cell lysates were incubated with NF-B p65 Abs, p50 Abs, or preimmune rabbit serum, and immunoprecipitates were collected on Protein A agarose. Upon extensive washing, DNA was purified from the immunoprecipitates by Proteinase K digestion, phenol / chloroform extraction, and ethanol precipitation, and used as template for PCR with NF-B site flanking primers (AAACCGCAGA ATGTTCCTGACTCG and AGAGAGGTCTTGCTGTTTAGCCCT for s ite 1 , A AT T TG C A AC C C TC C TC C C T T TG C and ACTCCTGGGATCACGGTCTCAGTT for site 2, 32 cycles of 95 ° 5 s, 55 ° 5 s, 72 ° 30 s). PCR products of 328 and 301 bp were analyzed by agarose gel electrophoresis. Levels of MKP-1 promoter DNA were determined using real-time PCR with the same pairs of primers and SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA) as recommended by the manufacturer.
Luciferase reporter assay . MKP-1 transcriptional reporter (pGL3-MKP1) was constructed by amplifying 2,058 bp of the MKP-1 upstream sequence from rat genomic DNA with primers GGCTCGAGCAGGA TTCTCTAAGGTTC and CGGAAGCTTCTGCAGCTCTCC AGAA, cutting the PCR product with Xho I and Hin dIII, and ligating it into Xho IHin dIII-cut pGL3 (Promega, Madison, WI). The absence of spurious ARTICLES mutations in the MKP-1 promoter sequence was verified by sequencing. NF-B-binding site mutations were introduced using the Quick Change Multi mutagenesis kit (Stratagene, La Jolla, CA). Reporter plasmids were transiently cotransfected with the Renilla luciferase plasmid (Promega) into IEC-6 cells. After stimulation, firefly and Renilla luciferase activities were determined using the Dual Luciferase kit (Promega). Luminescence was measured using tritium channel of a scintillation counter. Samples were counted for 1 min, with time between addition of cell lysate to reaction and start of counting standardized to 20 s.
